This article presents electrical properties measurement and control of the nanoparticle preparation process known as the Submerged Arc Nanoparticle Synthesis System (SANSS) for continuous fabrication of TiO 2 particles with nano-scale size and good uniformity. Since the dielectric liquid used in the process was limited quantity of deionized water, the electrical conductivity of the liquid can be drastically varied during the process. Under this circumstance, the electrical discharge breakdown voltage was significantly influenced and varied during the submerged process and the process may become unstable when the electrical properties fluctuate beyond system control capability. Consequently, the prepared particle size could differ with a substantial variance range from 20 nm up to one micrometer. Therefore, an effective approach was proposed to control the electrical discharge properties so that the variation in particle size could be decreased and the fabricating process could be continuously operated to achieve desirable particle size and uniformity. Our experimental results showed that the developed in-situ measurement and control method decreased significantly the disparity of TiO 2 particle size from 1000 to 80 nm and reduced effectively the mean secondary particle size to 25 nm.
Introduction
This article presents an innovative method for in-situ measurement and control of the electrical discharge properties of TiO 2 nanoparticle synthesis process known as the Submerged Arc Nanoparticle Synthesis System (SANSS). 1, 2) This system, as shown in Fig. 1 , was developed to prepare nanofluids with metal nanoparticles. 2, 3) In this process, a titanium bar, applied as the electrode, is melted and vaporized in deionized water under a vacuum and lowtemperature condition. Melting and vaporization take place in the region where plasma is created and a vapor bubble forms around the channel. Small particles of titanium are vaporized by the spark and cooled by the dielectric fluid and the high-pressure vapor can promote a quick removal of the vaporized metal. Pressure manipulation and temperature control were employed to extract nanoparticle suspension from the vacuum chamber into the sample-collecting container for automatic fresh liquid refill and in-situ extraction of particle suspension. 4) The size of particles in the sampled suspension can be measured automatically using a particle size analyzer. In addition, undesired suspension being prepared in the initial stage of particle synthesis can be pre-filtered using a HPLC (high performance liquid chromatography) column incorporated with an injection valve. Contrast to conventional electrical discharge machining (EDM), the pressure-controlled mechanism used in the SANSS enables the system to produce nanoparticles rather than meso-scale (a range from 100 nm to 1 mm) particles. The pressure-controlled mechanism is designed for the phase transformation of the deionized water.
2) Figure 2 shows the phase transformation diagram for the deionized water used in the SANSS. The working pressure is situated above the liquid-vapor saturation line of the phase diagram. As seen in Fig. 2 , the operation zone, indicated as the triangular black region, lies between the working temperature and pressure of the vacuum chamber. It is important to note that the chamber is operating under a vacuum condition (approximately 3990 Pa) at a low temperature (0-5 C). The solidification time of the metal aerosol can be shortened when the operating condition of the SANSS is close to the triple-phase point of the deionized water within the operation zone. Many factors including current density, pulse-duration time, gap voltage, current, and properties of dielectric liquids can affect the preparation of nanoparticles. Among them, current density, pulse-duration time, discharge voltage and current are most influential in determining the submerged arcing mechanism and the results of particle fabrication.
The particle removal in the SANSS is associated with the erosive effect that occurs during the discharge between two electrodes (the same metal round rods) immersed in the dielectric fluid. During the process, an applied voltage across the gap breaks down the dielectric. The voltage (V) drops and the current (I p ) rises to a peak value established for a certain discharge on-time (t p ). As shown in Fig. 3 , when the dielectric fluid is deionized water, a common discharge waveform of the discharge voltage and current (V ¼ 220 volts, I p ¼ 1:5 A and t p ¼ 12 ms) is recorded after a fiveminute particle fabrication in dielectric water. A plasma channel surrounded by a vapor bubble grows during the discharge. The surrounding dense liquid inhibits the plasma from growing, concentrating the input energy in a very small volume. During the discharge, thermal conduction is responsible for melting of both electrodes while the vaporization is limited by the high plasma pressure. 5) Moreover, the anode melts more rapidly than the cathode due to the absorption of fast moving electrons at the start of the pulse, but then begins to resolidify after a few microseconds. The cathode melting is delayed due to the lower mobility of the positive ions, resulting in increased discharge time characteristic of roughing regimes.
6) The process creates small craters on the material surface whose size and shape are dependent on the discharge energy (as well as pulse shapes), electrode material thermal properties and heat conduction pattern.
Current density (J) defined as current concentration on a unit area can influence particle formation. Higher current density can lead to greater discharge energy convergence, as well as enhanced metal melting and vaporization. In general, the cooling effects on the prepared particles during nucleation and growing are better when the diameter of the electrode is smaller. Furthermore, current density is primarily determined by current peak (I P ) and pulse-duration time (T ON ) since the crater area and depth of discharge plasma are mainly decided by these two electrical discharge parameters. 7) Current density is proportional to the value of I P =T ON
[ < ] and T ON plays a more important role than I P in affecting J. The amount of metal evaporated increases with higher current density (J), thus decreasing the metal left on the electrode surface after melting. The depth of melt can be expressed as follows:
where x is the depth of melt; is the thermal conductivity; is the density of material; c is the specific heat. Current density and T ON have significant effects on the SANSS. When T ON is below than 1 ms, it is difficult for the drift rate of electrons to rise to a proper level, thus affecting the energy of electrical discharge. On the contrary, according to the relationship between current density (J) and I P =T ON , the current density decreases when T ON increases. This is because the plasma channel has a finite width causing the heat source to be distributed on a finite area rather than on a point. Therefore, the energy of electrical discharge affecting the amount of melting and vaporization can be decreased. 8) Another dominating factor in the SANSS is the breakdown voltage. The relationship between the energy density stored in the gap of the two electrodes and the voltage can be expressed as follows:
where H (J/cm 3 ) is the energy density; n e (electrons/cm 3 ); " U U is the breakdown voltage; m i is the mass of particle; y i is the fraction of particle. Obviously, " U U is directly proportional to the energy density but inversely proportional to n e . Higher resistivity of dielectric liquid tends to increase " U U while decreasing n e .
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Fig. 2 Phase transformation diagram for dielectric liquid (deionized water).
Furthermore, the electron density is proportional to the rate of electrons striking on the anode and the breakdown voltage is inversely proportional to I. In general, higher " U U tends to decrease I so that good effects on the melting and evaporation of the metal can be obtained. However, when " U U becomes outsized, the striking energy tends to drop, thus decreasing the ratio of evaporation. On the contrary, when " U U becomes undersized, outsized current may occur, thus increasing significantly the melt depth and evaporation of the material. In general, the size of particles prepared under these radical conditions tends to be larger than that obtained under other conditions. Therefore, previous experimental results revealed that I applied in the SANSS should be maintained under an adequate value so that the particle size can be controlled within a desired range.
2)
The particle fabrication process of the SANSS involves primarily electrode discharge machining (EDM) and is essentially a thermal process with a complex metal removal mechanism. The electron discharge energy as well as pulse waveforms are crucial to the particle fabrication mechanism. Therefore, the key to continuous synthesis of metal nanoparticles with desired size and uniformity lies in obtaining stable process discharge waveforms.
System and Experimental Design

In-situ process measurement
The developed in-situ measurement system is depicted in Fig. 1 . It is important to note that the chamber is operating under a vacuum condition and at a low temperature. To achieve the above desired sampling operation, four subsystem units and apparatus are integrated with the SANSS for automatic in-situ sampling and measurement. The liquid refilling unit is developed to refill the same quantity of sample as that removed by the sampling unit. It consists of a specially designed mechanical spring and some electrical switch valves. The difference in pressure between the liquid supply tank and the vacuum chamber is used to absorb fresh dielectric liquid into the vacuum chamber. When the liquid is refilled, the switch valves are deactivated and the spring pushes the injection cylinder back to its original position. The sampling unit, including a suspension container, a samplecollecting container, a specially designed temperature-control ring and some switch valves, is used to perform the sampling operation by controlling the pressure difference between the vacuum chamber and the collecting container and keeping the temperature of the suspension well under the liquid vaporization temperature. The particle sizing unit, consisting of a Horiba particle analyzer, some liquid-transferring PU (Polyurethane) pipes and switch valves, is deployed to measure secondary particle size and the results are transferred to the PC for data storage and further analysis. The method for extracting nanoparticle suspension from the vacuum chamber into the sample-collecting container is based on the pressure difference between the working chamber and the container, which is employed as the extracting force to remove nanoparticle suspension sample from the vacuum chamber. It is also important to maintain a constant temperature of liquid sample along its transferring path for preventing sample vaporization due to liquid phase transformation.
Apart from in-situ measurement of the secondary particle size and distribution, a FESEM (Field Emission Scanning Electron Microscope) and a XRD (X-ray diffraction) are also used to analyze particle properties of the prepared nanoparticle suspension. Meanwhile, the electrical properties (such as electrical resistance and breakdown voltage) of dielectric liquid used in the SANSS are continuously measured by using a set of electrical circuits and meters, which are integrated with the submerge arc process. 2.2 In-situ process control As discussed in Introduction, without process control applied in the SANSS, the particle fabrication of the SANSS may suffer from fluctuation and instability of the discharge energy, mainly due to decrease in breakdown voltage incurred by variation in dielectric liquid conductivity. The breakdown voltage varies widely, in which the average diameter of TiO 2 particles may grow well above 100 nanometers. Thus, the most important and logical strategy for improving the process steadiness and minimizing particle disparity is to avoid the unsteadiness of the discharge energy. This can thus prevent major process instability in particle preparation and minimize potential variation in breakdown voltage. To achieve this, the control algorithm is implemented with the pulse-width modulation (PWM) feedback control theory. Figure 4 shows the block diagram of the control algorithm and its important system components. The electrical discharge control system and its associated valve unit can precisely control the quantity of particle suspension extraction and fresh dielectric water refill. To effectively avoid mixing with large particles prepared during the initial synthesis stage of SANSS, the produced particles can be filtered from the suspension using an in-cycle particlefiltering device (a HPLC column incorporated with an injection valve) before the continuous particle fabrication initiated under the feedback control. After the particlefiltering device removes particles from the suspension, the filtered liquid can then be pumped back into the vacuum chamber for continuous particle fabrication. The breakdown voltage of electrical discharge is controlled by extracting suspension into the collecting unit and refilling fresh dielectric water into the vacuum chamber using the PWM feedback control. The frequency margin (À3 dB) of the two-way-twoposition direction control valve is 10 Hz, providing sufficient bandwidth for system feedback control.
In addition, an experiment was conducted to measure pulse shapes of electrical discharging as well as size and uniformity of TiO 2 particles recorded in the SANSS for different processing durations. The process parameters selected for nanoparticle fabrication using the SANSS are shown in Table 1 . Obviously, according to previous experimental trials and verification, a minor pulsed current incorporated with a high breakdown voltage was employed for electrical discharging to produce TiO 2 nanoparticles, where the liquid quantity was set at 500 mL.
Results and Discussion
Measurement results of the dielectric fluid properties
The electrical resistance of the dielectric water used in the SANSS was continuously measured during the particle fabrication process and the results were shown in Fig. 5 . The conductivity of the dielectric water increases drastically within the first five minutes (Phase I), and then rises steadily during the rest of the measurement period. The electrical resistance can be quantified as follows:
where T is the duration of operation beginning from when the fresh dielectric water with an initial resistance, 1560 k, is processed in the SANSS. Figure 6 shows a series of waveforms recorded during synthesis for different processing durations within a 34-minute operation. As can be seen, the breakdown voltage of the process was exponentially attenuated from 240 to 140 volts through three different phases when the SANSS operation time was increased to 34 minutes. The voltage (V) can be expressed by as follows:
where T is the duration of the operation beginning from when the fresh dielectric water is processed in the SANSS. Unlike the voltage, the discharge current upholds the preset value, 1.5 A, with a negligible decline as shown in Fig. 7 . This is achieved by the electrode servo system, which controls the discharge current by adjusting the electrode gap to compensate effectively the discharge variation caused by the dielectric liquid.
In Phase I processing shown in Fig. 8 , the conductivity of the dielectric liquid was rapidly increased approximately four times within the first five minutes while the breakdown voltage was decreased moderately to somewhere just under 200 volts. The discharge of the SANSS process was less stable than that of Phase II since the dramatic variation in liquid conductivity could possibly affect the normal particle nucleation and formation. Moreover, inspecting the discharge waveforms reveals that the ignition delay starting from almost null was clearly increased from Phase I to Phase II. The longer the ignition delay, the less the energy was introduced into the discharge gap within the pulse duration, resulting a smaller volume of melted material and a lower material removal rate (MRR). Figure 9 shows the variation in particle size within an undesired massive disparity (1 mm) and the average secondary particle diameter was 220 nm. This can be confirmed by the image obtained by FESEM and particle size distribution measured by Horiba-LB500 from the particle suspension of Phase I. Contrast to Phase I, Phase II has a smaller particle size and distribution as seen in Fig. 10 . It is obvious that Phase I produces TiO 2 particles with a wider disparity and larger particle diameter than Phase II. Thus, the above experimental results suggest that in Phase II, improved stability on discharging properties including breakdown voltage and conductivity of dielectric liquid may optimize the size and uniformity of dispersed particles. In addition, the breakdown voltage in Phase III which fluctuates drastically between 90 and 200 volts can lead to an unstable discharge condition. Consequently, the servo control of the electrode cannot effectively manipulate the gap to maintain process stability due to poor electrical properties of the dielectric water. From the above results, it was confirmed that the conductivity of the dielectric fluid directly affects the performance of particle preparation. Higher conductivity of a dielectric fluid extends the gap distance because high conductivity can easily overcome the insulation of the dielectric fluid. Meanwhile, the stability of the electrical arc discharge as well as the properties of dielectric fluids used in the SANSS can significantly affect the size and uniformity of prepared nanoparticles.
Experimental results with in-situ measurement and
control By employing the in-situ measurement and control method as described in Section 2, Fig. 11 shows that the working breakdown voltage (V) of the SANSS can be controlled and maintained at a preset level, 174 volts, with a standard deviation of 2.24 volts and a maximum variation of 8 volts. Meanwhile, the pulsed peak current can be also maintained at a steady value of 1.65A for a stable electrical discharge condition. Figure 12 displays the FESEM image of TiO 2 nanoparticles prepared with applied electrical discharge control and Fig. 13 shows the particle secondary size distribution. Our experimental results confirm that more uniform and smaller TiO 2 nanoparticles can be prepared with electrical discharge measurement and control applied to the SANSS. The findings also indicated that uniformly distributed and well-controlled size of nanocrystalline powders can be prepared by the SANSS incorporated with the proposed control system. Compared with those shown in Fig. 10 , the TiO 2 nanoparticles seen in Fig. 12 resemble fine spherical balls with more uniform size distribution.
In addition, Fig. 14 shows the XRD results of the prepared TiO 2 nanoparticles. As can be seen, the peaks of the data curves appeared in the 2 (identified to be TiO 2 with anatase phase). This indicates that no new substance was produced when the process condition was manipulated between different variations.
Discussion
As shown in Fig. 12 , the spherical balls seen in the gray images are identified to be individual TiO 2 nanoparticle. In contrast, Fig. 9 illustrates that the nanoparticle size can increase up to 1000 nanometers when no electrical discharge control is implemented in the SANSS. It is obvious that without the constant breakdown voltage control, the deviation of the electrical discharge breakdown voltage was more than ten times of that with the applied in-situ control system. In other words, a higher variation in breakdown voltage can induce a greater growth of the nanoparticle size and disparity. This is because at higher voltage variation between the two electrodes, the rate of electrons striking on the anode may become unstable, thus affecting the material removal rate. In order to further clarify the above hypothesis, the FESEM images of the prepared particles as seen in Figs were used to observe and characterize the particle size. Figure 10 shows the TiO 2 nanoparticles produced from the SANSS without the control system. The FESEM image displays coarse spherical balls with a large size variation ranging from 27 to 300 nanometers. As seen in Fig. 13 , the particle secondary size disparity of the TiO 2 nanoparticles prepared is reduced to 80 nanometers after the developed electrical discharge control system and the valve control system are applied. Thus, it can be concluded that the size and disparity of the particles are influenced significantly by the size and stability of the electrical discharge energy applied between the electrodes. An operating chamber with a high and stable breakdown voltage can produce fine and uniform TiO 2 nanoparticles. An effective control technique has been developed to keep the high and stable breakdown voltage in SANSS for TiO 2 nanoparticle preparation. The FESEM images of the TiO 2 nanoparticles prepared under different system operation conditions verify that the operating breakdown voltage is one of the key factors determining the size and distribution of the prepared nanoparticles. In addition, as shown in Figs. 10 and 12 , the morphological shape of the nanoparticles is clearly not influenced by the operating electrical discharge condition. The shape of particles remains spherical regardless if the in-situ control system was applied.
Moreover, it is worth noting the reason for the property changes of the dielectric fluid during the ASNSS process. This might be preferentially interpreted as the resolution of water between the two electrodes by the heating effects of liquid dissociation and ionization, as well as suspension of the prepared particles in the water, thus increasing the likelihood of considerable conductivity variation of the liquid. Liquid dissociation and ionization may both take place during the reaction of the dielectric water with the arc under a high temperature up to 20000 K.
Conclusions
(1) An in-situ process measurement and control technique used in the SANSS has been successfully developed for continuous TiO 2 nanoparticle fabrication by achieving stable electrical discharge energy. The properties of dielectric liquid were effectively analyzed by developing the in-situ nanofluids extraction and particle measurement methods. (2) It was discovered that the breakdown voltage of the process was exponentially attenuated 50 percent of its preset value through three different phases while the conductivity of the dielectric water increases exponentially along the nanofluid prepared time. It was confirmed that the breakdown voltage and current for electrical discharge should be maintained at a stable condition, which was crucial to successful fabrication of TiO 2 nanocrystalline particles with fine size and uniformity. (3) With applied electrical discharge control, the FESEM pictures as well as particle size distribution showed that the average secondary size of prepared particles was significantly decreased from few hundreds nm to 25 nm and the particle size disparity was reduced to 80 nm, which was less than one tenth of the original size disparity. 
